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SHORT COMMUNICATION 
Correlation of Stereoselectivity and Ion 
Response in Electrospray Mass-Spectrometry. 
Electrospray Ionization-Mass Spectrometry as a 
Tool to Predict Chemical Behavior? 
Alexander Chapeaurouge,* Laurent Bigler,* Andrea Sch~ifer, and 
Stefan Bienz 
Organisch-chemisches Institut, Universit~it Zfirich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzerland 
Several alkali cation complexes of chiral alkoxymethyl-substituted acylsilanes, prepared in 
situ by the admixture of alkali iodides to acylsilane sample solutions, were investigated by 
electrospray ionization-mass pectrometry. Competition experiments suggest hat the relative 
complex stabilities of such species in acetonitrile solution follow the order SfM +cij ~< 
StM + N~I' > SIM + K ~, which is different from the order of the relative stabilities of the com- 
plexes' in the gas hase (S +oil > SIM+ 1 > SM+K ") as qualitativel determined b a P IM ' N~ " Y Y . . -  . [ . . . .  
tandem mass spectrometry-type experiment. Additionally, a rough correlation of relative ion 
responses in the mass spectrometry with relative stereoselectivities--derived from chelate- 
controlled reactions performed with the respective silanes--was found. The latter observa- 
tion suggests that the electrospray ionization-mass pectrometry technique is a potentially 
useful method to predict chemical behavior, and it demands little experimental effort. (J Am 
Soc Mass Spectrom 1995, 6, 207-211) 
E lectrospray ionization (ESI)--like the related ion 
spray ionization [1-3] or electrohydrodynamic 
ionization [4]--is a technique that allows the 
formation of charged particles amenable to mass spec- 
trometry by desolvation of ions from liquids of low 
viscosity and low surface tension [5-13]. To form the 
gaseous ions out of the liquid phase a sample solution 
is sprayed into the gas phase by a capillary that has an 
electric field applied to its end. Because charged 
droplets are formed under such conditions it is as- 
sumed that mechanisms of field-induced ion evapora- 
tion as discussed by Iribarne [14] and Thomson [15, 16] 
or of electrohydrodynamic disintegration of the 
droplets under field stress as favored by RSllgen and 
co-workers [6, 10, 17, 18] play important roles in ion 
formation. Independent of the formation mechanism, it 
is in any case proposed that the typically observed 
molecular ions, such as [M + HI +, [M + Na] +, [M + 
NH4] +, and [M - H]-, are already formed in solution 
by proton, sodium, and ammonium attachment to 
the substrate or proton abstraction from the sample 
compound, respectively. In 1992 it was shown that a 
qualitative or semiquantitative correlation between 
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electrospray response and calculated equilibrium con- 
centrations of different species in aqueous olution can 
be observed [19, 20]. Even quantitative correlations 
were found when ions of identical charge and similar 
type were compared. 
This observed correlation of electrospray ionization- 
mass spectrometry (ESI-MS) ion responses with the 
respective particle concentrations in solution implies 
the possibility to determine qualitatively or even quan- 
titatively relative complex stabilities of components in
thermodynamically unknown systems by simple ESI- 
MS experiments. Our initial interest in the investiga- 
tion of such "unknown" systems was focused on the 
determination of relative ion responses that are de- 
rived from different cationic alkali metal complexes 
with the acylsilanes la -d  [i.e., chelates of the type A 
(scheme in Table 1)]. Because we proposed a "chelate- 
controlled" reaction path via closely related complexes 
of the type A' to be responsible for the substantial 
diastereoselectivities obtained in the additions of 
organometallic compounds to the chiral alkoxymethyl- 
substituted acylsilanes la -d  [21], we expected to find a 
correlation of relative ion responses of metal com- 
plexes of these compounds in ESI-MS with the relative 
degrees of stereoselectivity [expressed, for example, as 
diastereoisomeric excesses (de); see Table 1] observed 
in the formation of addition products (e.g., of 2a-d). If 
such a correlation were found, the ESI-MS possibly 
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could be used as a rather simple method to predict 
chemical behavior based on complexation properties. 
In this communication we present he results of an 
ESI-MS investigation of the four compounds 1a-d, and 
we discuss the scope and limitations of the correlation 
of mass spectrometric and "wet-chemical" results. 
Experimental 
Materials 
The sample compounds were synthesized in our labo- 
ratories [21] and characterized by ]H NMR, 13C NMR, 
infrared, chemical ionization-mass spectrometry, and 
elemental analysis. No impurities were detected by 
these methods. The alkali salts (LiI, NaI, and KI) were 
highest quality and were purchased from Fluka (9470 
Buchs, Switzerland). The sample solutions (0.1 mM in 
the acylsilanes and, where applicable, 10 mM in the 
alkali salts or CF3CO2H) were prepared in methanol or 
acetonitrile (high performance liquid chromatography- 
grade, from Scharlon, Spain). The hundred-fold excess 
of salts was necessary to minimize the impurity effect 
from the ubiquitous Na + cations. 
Mass Spectrometry 
The ESI mass spectra were obtained on a Finnigan TSQ 
700 triple quadrupole mass spectrometer (Finnigan- 
MAT, San Jose, CA). Samples were continuously intro- 
duced through the electrospray interface (nitrogen dry- 
ing gas at 110 °C) at a rate of 2 /zL /min  via biasing the 
electrospray probe to a voltage of 3.0-3.2 kV. The ions 
were detected by scanning the third quadrupole, and 
the scans were monitored in the range of m/z 200-800 
(comparison of the complexes with different cations) or 
of m/z 200-650 (comparison of complexes of different 
acylsilanes) in 3 s. Between 15 and 20 scans were 
averaged to obtain representative spectra. The abun- 
dances of the ions are reported as percentages relative 
to the peak that was most intense. 
The lens and quadrupole voltages were optimized 
to maximum ion current for electrospray (= normal 
conditions). For the complex dissociation experiment 
(tandem mass spectrometry-type experiment), the volt- 
age at the tube lens (i.e., the focusing lens placed 
directly after the capillary; L41 or ESTL for the Finni- 
gan TSQ 700) was increased by 100 V. 
Results and Discussion 
Electrospray Mass Spectrometry ofthe Acylsilanes 
la-d 
We started our study with the mass spectrometric 
investigation of the individual acylsilanes la -d  in- 
troduced via electrospray ionization. The four com- 
pounds exhibit under several conditions almost identi- 
cal behavior in ESI-MS. The spectra of the compounds 
introduced into the mass spectrometer dissolved in 
pure methanol (a typical spectrum of the series is 
shown with that of acetylsilane la in Figure la) exhib- 
ited base peak responses of the respective [M + Na] + 
molecular ions together with cluster ions that corre- 
sponded by mass to the respective [2M + Na] + parti- 
cles. As a consequence of the ubiquitous odium ions, 
the [M + Na] + ions commonly are observed with fairly 
well complexing substrates, even when the highest 
qualities of solvents are used. The observation of clus- 
ter ions of type [2M + Na] +, however, indicates that 
especially well complexing substrates are under inves- 
tigation. The formation of species of type [2M + Na] + 
was found to increase by addition of sodium iodide to 
the sample solution: however, in addition to the more 
abundant [2M + Na] + cluster ions (relative to the [M 
+ Na] + species), more complex clusters of the type 
[2M + NaI + Na] + were recorded as well (Figure lb). 
With the admixture of LiI or KI in place of NaI to the 
sample solution, similar spectra with similar ion distri- 
butions (the ions contain lithium or potassium instead 
of sodium) were obtained. On the other hand, the 
spectra were altered strongly by the addition of triflu- 
oroacetic acid instead of salts, and exhibited exclu- 
sively the [M + H] + molecular ions. 
It is noteworthy to mention at this point that the 
observation of gas-phase ion clusters of the type [2M 
+ alkali-I + alkali] + is of interest in connection with 
the controversy concerning the proposed electrospray 
ionization mechanisms. If the R611gen mechanism of 
electrohydrodynamic d sintegration of the droplets un- 
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ESI mass spectra of la (0.1 raM) applied (a) in pure 
methanol and (b) in 10-mM NaI/methanol. 
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(according to Ikonomou et al. [9]) to detect ion clusters 
that contain one ion and one (or several) paired elec- 
trolyte ions in ESI-MS, which is exactly what was 
observed for the [2M + NaI + Na] + ions, for example. 
Relative Stabilities of Acylsilane Alkali Complexes 
with Different Alkali Cations 
To determine the relative stabilities of the acylsilane 
complexes of, for example, lb with lithium, sodium, 
and potassium cations, a competition experiment that 
offers the acylsilane all three cations in equimolar 
amounts was performed and an ion distribution [M + 
L i ]+/[M + Na]+/ [M + K] + of approx imate ly  
65:100:82 was obtained (Figure 2a). This ion distribu- 
tion might in fact represent the relative concentrations 
of the respective species in methanolic solution. The 
relative concentrations, however, certainly do not cor- 
respond to the relative alkali ion affinities of the or- 
ganic molecules in the gas phase, which are expected 
to decrease for the different metals in the order Li+> 
Na+> K +. In addition to the energy terms that are 
derived from complexation of the cations by the acylsi- 
lane, rather large contributions to the overall energet- 
ics of the equilibrium reaction (e.g., from partial or 
complete solvation-desolvation f the several particles 
involved in the equilibrium) are important for the 
distribution of the species in solution as well. The 
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F igure  2. ESI mass  spectra of lb  (0.1 raM) app l ied  in 
methanol/L i l /Nal /Kl  (each 10 raM). (a) Tube  lens at normal ;  (b) 
tube lens at normal  + 100 V ( tandem mass  spect rometry - type  
condit ions).  
tively obtained, however, with a tandem mass spec- 
trometry-type experiment, where the relative stabilities 
of the complexes in the gas phase are examined. In 
fact, when the potential at the tube lens was increased 
by 100 V- -an  experimental setup that gives rise to 
energy transfer to the ions in the gas phase and hence 
leads to secondary fragmentation as in a tandem mass 
spectrometry experimentl - - the expected order of sta- 
bilities of the acylsilane-cation complexes, (S[M + ci]' > 
S[M + Na]' > S[M + K]+, is observed. The fragmentation of
the [M + K] + ions was found to be dominant over the 
decomposition of the [M + Na] + ions, which, in turn, 
decompose more readily than the [M + Li] + com- 
plexes. This is readily recognized in Figure 2b, where 
the highest abundance ion is found at m/z 271, which 
corresponds to the [M + Li] + ion, and where the sig- 
nals at m/z 287 for the [M + K] + ion is negligible in 
intensity. 
Relative Stabilities of Acylsilane Alkali Complexes 
with Different Acylsilanes 
To investigate whether a relationship exists between 
relative ESI-MS responses (proposed to afford qualita- 
tively relative complex concentrations in solution) and 
stereoselectivities of chelate-controlled addition reac- 
tions to different chiral alkoxymethyl-substituted acyl- 
silanes (assumed to correlate with the relative complex 
stabilities), tile mass spectrometric behavior of mix- 
tures of the four acylsilanes la -d  in the presence of a 
single kind of metal cation was investigated. In such 
an experiment, and presupposing equal desolvation of 
the cations for all complexes, the relative concentra- 
tions of the acylsilane-alkali complexes hould corre- 
spond to the respective relative complex stabilities and 
allow a direct correlation of stereoselectivity and ion 
response. 
Because the occurrence of cluster ions, which are 
formed when acylsilanes are introduced into the ESI- 
MS in methanolic solution, was regarded as disadvan- 
tageous, and because a rather slow but still bother- 
some decomposition of the acylsilanes, particularly the 
benzoylsilanes lb  and ld, was found in methanol [22], 
the solvent was exchanged for acetonitrile. Both prob- 
lems- the  cluster formation and the decomposition of
the sample molecules--were overcome simultaneously 
by using this solute. Solely the desired [M + alkali] + 
ions, and no other particles, were detected in the mass 
spectrometer, even when aged solutions or solutions 
that contained excess alkali salts were used. 
When equimolar amounts of the four acylsilanes 
la -d  were dissolved in acetonitrile and brought into 
the ESI-MS (two by two or all four compounds to- 
gether), the relative ion responses for [la + alkali] +, 
I ESI-MS investigations with polyamines have shown that almost 
equal spectra could be obtained by tandem mass spectrometry experi- 
ments (with argon as the collision gas) or by increased tube lens 
voltage (Bigler, L.; Hesse, M., unpublished results). 
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[ lb + alkali] +, [lc + alkali] +, and [ld + alkali] + were 
determined to be approximately 100:20:90:15 for the 
sodium complexes (cf. Figure 3a) or 100:70:98:55 for 
the lithium complexes (cf. Figure 3b). (The results of 
the direct comparison of all four compounds visual- 
ized with the two spectra in Figure 3 are consistent 
within an error of approximately +5% with the results 
of the two-by-two comparisons.) The relative ion re- 
sponses for both cations, even though not equally 
pronounced with Li +, follow qualitatively the same 
course. 
Correlation of Stereoselectivity and Ion Response 
From the overlaid plots in Figure 3b, which visualizes 
the diastereoisomeric excesses (de; cf. Table 1 with 
scheme) of the chelate-controlled butyl lithium or butyl 
magnesium bromide additions to the respective com- 
pounds 1a-d), 2 a rough correlation of the relative 
ion responses and the relative stereoselectivities of 
the addition reactions can be recognized. Distinctively 
more abundant ion responses and, matched with these 
signal intensities, higher diastereoisomeric excesses are 
found for the 2-(methoxyethoxy)methyl-substituted 
2 We are aware  that the results  of alkal i  cat ion izat ions  and react ions 
that  i nvo lve  magnes ium species cannot  be compared  direct ly.  Be- 
cause the react ions of l i th ium-  or magnes ium-organometa l l i c  species 
fo l low approx imate ly  the same course, however ,  the stereoselect iv i -  
ties obta ined w i th  the Gr ignard  reagents  are presented for i l lus t rat ive  
reasons as well .  
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Figure 3. ESI mass spectra of la-d (each 0.1 raM) applied (a) in 
1-mM NaI/acetonitrile or (b) in 10-mM LiI/acetonitrile. The plot 
of diastereoisomeric excesses (de) obtained by 1,4-addition of 
BuMgBr or of BuLl to the earbonyl groups of the respective 
acylsilanes i overlaid in (b). 
Table 1. Diastereoselectivities of the reactions of 
acylsilanes la-d with butyl lithium and butyl 
magnesium bromide in ether at - 100 °C. 
i~e .~S:~-~ d OR~Alkali* 
I- B.;.. 
Me R, 2 / RI M[ , R2"~I i Me R 2 /1:1' 
:3 t4 ; :  . - -  
[ .e O. 
I a-d A' 2a-d 
Subst ra te  Reagent  Add i t ion  P roduct  
No. R I R 2 BuM No. Yield de 
[%1 [%1 
la MeOC2H4 Me BuLi 2,1 60 95 
PhCH2 Me BuLi ~ 56 60 
lc MeOC.2H4 Ph BuLl 2c 57 78 
ld PhCH2 Ph BuLi 2d 40 83 
la MeOC2H4 Me BuMgBr 2,1 68 96 
PhCH 2 Me BuMgBr :~ 60 72 
lc MeOC2H4 Ph BuMgBr 2c 42 99 
ld PhCH2 Ph BuMgBr 2d 53 94 
acylsilanes la and lc as compared to the benzyl- 
oxymethyl-substituted analogs lb  and ld. This obser- 
vation not only supports our earlier assumption of the 
higher affinity of the acylsilanes la and lc toward 
alkali cations compared to the corresponding com- 
pounds lb  and ld  (due to the additional oxygen atoms 
in the alkoxy substituents at silicon in la and lc), but 
also corroborates our hypothesis that the stereoselec- 
tivities of the addition reactions to acylsilanes of type 1 
parallel their capability to coordinate a Lewis acid. 
Contrary to the stereochemical results obtained in 
the addition reactions, however, the relative ion re- 
sponses of the acetylsilane complexes [la + Li] + and 
[ lb + Li] + as compared to those of the respective 
benzoylsilane complexes [lc + Li] + and [ ld+ Li] + are 
more ample. However, in contrast to the foregoing 
comparisons of the 2-(methoxyethoxy)methyl-sub- 
stituted acylsilanes with the benzyloxy-substituted 
analogs, the differences of the relative ion abundances 
observed by comparing these closely related com- 
pounds, which do not differ in the number of het- 
eroatoms crucial for cation complexation, are less pro- 
nounced. Accordingly, the transference of ESI-MS re- 
sults to wet-chemical expectations could be anticipated 
a priori to be less reliable. Acceptance, though, of the 
relative ion responses as a measure for relative com- 
plex concentrations in solution (thermodynamic equi- 
librium), which has not been proven unambiguously 
yet, allows the discrepancies of the ESI-MS and the 
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stereochemical results to be explained as follows: 
1. The species analyzed in the ESI-MS exper iments 
and the particles proposed as intermediates in the 
addit ion reactions are not identical. In one case 
alkali cation complexes of type A, d issolved in ace- 
tonitrile, are studied, and in the other case com- 
plexes of organometal l ic  substrates of type A'  in 
diethyl  ether solut ions are regarded as the impor-  
tant structures. It is rational to accept that the dif- 
ferent species in the different environments can 
have different relative stabilities, too. 
2. It has not been ascertained explicit ly yet, whether  
the diastereoselectivit ies of the addi t ion reactions to 
the acylsi lanes la -d  are in fact directly correlated 
with relative complex stabil it ies of the proposed 
intermediates.  The diastereoselectivit ies also can ex- 
press a kinetic situation where the rate of the forma- 
tion of an acy ls i lane-meta l  complex is of central 
importance rather than its stabil ity. For compounds  
that differ strongly in their complexing capabil it ies, 
kinetics are expected to favor the same products  as 
thermodynamics  would.  In cases, however,  where 
the differences in complexing abilities are not too 
distinct, a reliable predict ion of the kinetic prefer- 
ence of a part icular complexing agent by a cation is 
not trivial. It is conceivable that when acetylsi lanes 
are compared with benzoyls i lanes,  the kinetic (ster- 
eochemical results) and the thermodynamic  prefer- 
ences of a complex (ESI-MS results) can be opposite.  
Conclusions 
Even though a rough correlation of ion response in 
ESI-MS with stereoselectivity of a chelate-control led 
reaction could be found, the ESI-MS is still far from 
being a rel iable tool to predict  chemical behav ior - -a t  
least as long as the invest igated systems are as far 
related to one another as they are in our case. How-  
ever, the ESI-MS results still a l low- -even  in such 
nonopt imal  cases - -a  coarse est imation of chemical be- 
havior: when the differences of the peak intensities in 
the ESI-MS are dist inct enough, a rather good correla- 
tion with the chemical behavior  was found. Only in the 
cases where almost equal ion responses are observed, 
the correlation failed. Equal or a lmost equal ion re- 
sponse can indicate that, in these cases, the reactivity 
differences are also rather smal l  and adequately  sus- 
ceptible toward changes in the environment,  such as 
differences in the solvent or the aggregat ion state of 
the species involved. 
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